Vascular endothelial growth factor receptor (VEGFR) or vascular endothelial growth factor (VEGF) inhibitors have shown only modest clinical activity for most tumor types when used as single agents. However, present evidence indicates that these antiangiogenic drugs can cause transient "normalization" of the tumor vasculature, thereby improving the delivery of systemic chemotherapy. We examined temporal changes in tumor vascular function in response to the novel VEGFR2 inhibitor, SKLB1002. Established tumor-bearing animals were evaluated at serial time points for treatment-associated changes in tumor vascular architecture and function. As a result, blocking VEGF signaling by SKLB1002 produced a morphologically and functionally "normalized" vascular network. Consistent with our observations, a 2.2 fold increase in intratumoral doxorubicin levels was determined with SKLB1002 pretreatment compared with administration of doxorubicin alone. Finally, combined SKLB1002 and doxorubicin exhibited significant antitumor (49% of control size) and antimetastatic effects (12% of control metastatic nodules) in vivo. Our results showed SKLB1002 induced vascular normalization and enhanced anticancer drug delivery, which were associated with the observed synergistic effect in vivo.
Solid tumors account for about 91% of cancer mortality [1] . To obtain oxygen and other nutrients as well as an ability to evacuate metabolic wastes, solid tumors sprout new vessels from existing ones and recruit endothelial cells progenitors from the bone marrow. Angiogenesis is induced early during the multistage development of carcinogenesis and considered as one of the principal hallmarks of cancers [2] . Vascular endothelial growth factor (VEGF) and its receptor (VEGFR2) is the predominant mediator during tumor angiogenesis process. VEGF promotes endothelial cell proliferation, migration, survival. In addition, VEGF upregulation is associated with hypoxia and oncogene signaling including mutant ras and EGFR. Because of its fundamental functions in tumor angiogenesis, VEGF is recognized as a valuable target for antiangiogenic cancer therapy [3] .
There are currently a number of notably antiangiogenic drugs targeting VEGF signaling in clinical use [4] . Unfortunately, these effects are often transitory and followed by a restoration of tumor growth and progression [5] . In contrast, when given in combination with chemotherapy, bevacizumab (a humanized anti-VEGF antibody) yielded significant improvement in survival among patients with metastatic colorectal cancer [6] . It is a persistent paradox that destroying the vasculature would severely reduce the delivery of oxygen and drugs to the solid tumor, rendering chemotherapeutics less effective.
Essentially, the abnormal vasculature of tumors and the resulting abnormal tumor microenvironment together form a formidable barrier to the delivery of drugs and oxygen. Recently, Jain and colleagues propose that antiangiogenic therapies can transiently result in a ''normalization'' of aberrant tumor vasculature. It involves the pruning and remodeling of the tumor vasculature, which is characterized by less tortuous vessels and tighter basement membrane. These morphological changes are accompanied by functional changes including reduced interstitial fluid pressure, improved oxygenation and better penetration of drugs in the tumor, enhancing the efficacy of subsequent radiation and chemotherapy [7, 8] . However, incorrect doses or scheduling of antiangiogenic agents might antagonize rather than augment the therapeutic response to chemotherapy. Therefore, optimal scheduling of treatment may be required to overcome the pharmacokinetic barriers and potentially result in longterm tumor remissions [9] .
In the previous study, we designed and identified a new potent VEGFR2 inhibitor, SKLB1002, which showed dosedependent inhibitory activity in human umbilical vein endothelial cells and in human tumor xenografts in athymic mice with limited toxicity. Western blot analysis was conducted, which demonstrated that SKLB1002 inhibited VEGF-induced phosphorylation of VEGFR2 kinase and the downstream protein kinases including extracellular signal regulated kinase, focal adhesion kinase and Src [10] . In the present study, we investigated the effects of SKLB1002 on the determinants of vascular normalization, including changes in the morphology and function of tumor vasculature during the course of treatment. We found profound alterations in all of these parameters, which led us to investigate the effects of SKLB1002 on the subsequent response of tumors to chemotherapy. Finally, our studies showed for the first time that simultaneous treatment of chemotherapeutic agent and SKLB1002 significantly inhibited tumor growth and lung metastasis in immunocompetent animal models.
Materials and Methods
Animal and cell lines. BALB/c mice were purchased from the WestChinaExperimentalAnimalCenter. All experiments were carried out in accordance with the protocols approved by Animal Care and Use Committee of Sichuan University. Murine breast carcinoma cell line 4T1 and colon carcinoma cell line CT26 were purchased from the American Type Culture Collection.
Animal tumor model. BALB/c mice were inoculated s.c. with 5×10 5 of 4T1 breast tumor cells. After 7 days, mice bearing tumors around 100 mm 3 were selected and expanded for further study.
Immunofluorescence of CD31 and α-smooth muscle actin (α-SMA). We used immunofluorescence to evaluate tumor vessel normalization by SKLB1002 treatment at different time points. 7 days after inoculation, mice bearing tumors were randomized into two groups. The dosing schedules were SKLB1002 100 mg/kg/d or vehicle once a day intraperitoneally. Fixed cryostat sections in each group were double-stained with the anti-CD31 (BD Biosciences) and anti-α-SMA (Abcam) antibodies, as described previously [11] . Images were acquired using the fluorescence microscope equipped with a digital CCD camera (Olympus).
Detection of hypoxia with pimonidazole. To visualize hypoxic regions, mice were injected intravenously with 100μl of 10 mg/ml pimonidazole (Hypoxyprobe, Inc.) 15 minutes before sacrifice. Tumors were frozen for tissue sectioning and handled according to manufacturer's instructions. For each treatment group, the hypoxic areas were counted in six randomly captured images from three different tumors.
Electron microscopy. 5 days after initial administration of SKLB1002, tumor tissues in each group were fixed in 2.5% glutaraldehyde and examined for vascular ultrastructure using the scanning electron microscope. Six tissue areas were analyzed and used for quantitative assessment of vessel phenotype in each group.
Intratumoral drug penetration. The effect of SKLB1002 on drug delivery and distribution was analyzed using highperformance liquid chromatography (HPLC) as described previously (12) . 5 days after initial administration of SKLB1002, doxorubicin was given intravenously at a dose of 5 mg/kg to facilitate detection. 30 minutes after this bolus doxorubicin administration, whole blood and tumor tissue were collected. Prepared samples were subjected to the HPLC system consisting of a Waters 2695 separation module and a Waters 2996 photodiode array detector (Waters). Doxorubicin was detected by fluorescence, with emission wavelength at 254 nm.
Tumor therapy studies. BALB/c mice were inoculated s.c. with 5×10 5 of 4T1 cells or CT26 cells, respectively. After 7 days, mice bearing 4T1 tumors were randomized into four groups (16 per group). The dosing schedules were (1) vehicle; (2) SKLB1002 100 mg/kg/d intraperitoneally on day 1-5 of each week; (3) doxorubicin 5 mg/kg intravenously on day 6 of each week; (4) combined treatment. Meanwhile, mice bearing CT26 tumors were also randomized into four groups (16 per group):(1) vehicle; (2) SKLB1002 100 mg/kg/d intraperitoneally on day 1-5 of each week; (3) irinotecan 20 mg/kg intravenously on day 6 of each week; (4) combined treatment. The therapy was given every week for two cycles. The tumor volume was measured with a caliper every three days, and tumor volume was calculated using the following formula: tumor volume (mm 3 
) = [(width)
Statistical analysis. Data were presented as mean ± SD. Data were analyzed statistically using one-way ANOVA. Survival curves were computed by the Kaplan-Meier method and compared by the log-rank test. P<0.05 was considered statistically significant.
Results

SKLB1002 promotes vessel normalization and reduces tumor hypoxia.
We examined the effect of SKLB1002 on tumor vessel density and pericyte coverage at 1-7 days after a daily dose of SKLB1002 to mice with established 4T1 tumor. Tumors in SKLB1002 group at each of these time points showed a significant and progressive decrease in tumor vessel density, as assessed by CD31, compared with control group.
Since vascular normalization by antiangiogenic therapy was expected to result in greater coverage of pericytes in basement membrane, we simultaneously stained for the pericyte marker α-SMA and found significantly increased pericyte coverage of tumor vessels over the time with treatment in SKLB1002 group (Fig. 1A, 1C and 1D ). Hypoxic area in control tumors progressively increased, being most notable at 5 days. Interestingly, despite the obvious decrease in tumor vessel density, there was a less hypoxic area within sections of SKLB1002 treated tumors (Fig. 1B and 1E) .
SKLB1002 normalizes the architecture and function of the tumor vasculature. To further examine morphologic changes of the tumor vasculature with SKLB1002 treatment, we used scanning electron microscopy for in vivo analysis. Microphotographs showed that fewer vessels in SKLB1002 treated tumors had abnormal vessels, characterized by disconnected and multilamellar endothelial cells ( Fig. 2A and 2B) . We next investigated how these changes in tumor vessel structure would affect tumor penetration of systemically administered chemotherapeutic agents. After the bolus doxorubicin administration, HPLC analysis revealed a 2.2 fold increase of doxorubicin concentration in SKLB1002 treated 4T1 tumors compared with the control group. No significant change was observed in the plasma level of doxorubicin in the two groups, highlighting the improved penetration of doxorubicin following SKLB1002 treatment (Fig. 2C) .
The synergic antitumor effects of SKLB1002 and chemotherapeutic agents. The structural normalization of tumor vasculature following SKLB1002 treatment prompted us to ask whether administration of a chemotherapeutic drug could enhance the anti-tumor response via enhanced drug delivery. The agent doxorubicin was the commonly used drug in breast cancer, meanwhile irinotecan was the commonly used drug in colon and rectum cancers. Monotherapy with doxorubicin inhibited 4T1 tumor growth and enhanced animal survival compared with controls. However, pre-treated with SKLB1002, doxorubicin injection resulted in a significant enhancement of the anti-tumor response compared with SKLB1002 or doxorubicin monotherapy (Fig. 3A) . Median survival for the specific combination treatment group was 45 days versus 37 days for the animals that received SKLB1002 alone or 36 days for animals that received doxorubicin alone (Fig. 3C) . Furthermore, we found similar results in another experiment in mice bearing CT26 colon carcinoma using irinotecan ( Fig.  3B and 3D) .
To identify the mechanisms underlying tumor growth suppression, we investigated tumor proliferation and apoptosis after multiple treatments. As shown in Fig. 4A and 4C , tumor tissues of mice treated with SKLB1002 and doxorubicin exhibited much less staining for PCNA, compared with that in tumor tissues of other groups. Additionally, TUNEL assay showed a significantly greater percentage of apoptotic cells in the combined treated tumors in relation to the other tumors ( Fig. 4B and 4D) . Thus, we concluded tumor growth suppression was caused, at least partially, by enhanced tumor cell apoptosis and reduced proliferation.
4T1 breast tumor had highly metastatic potential, and metastatic cells could be detected in various organs, especially the lung. Therefore, it was important to evaluate the effect of combined therapy not only on local tumor but also on the formation of distant metastases. Our examination of the whole lungs revealed that the number of the metastatic colonies was much lower in combined treatment group than that in other groups as observed by light microscopy ( Supplementary Fig.  5A and 5B).
The combined therapy is not toxic at therapeutically active doses. No significant differences in weights were found among four groups, and toxic pathologic changes in main organs especially the heart and small intestine were not detected by microscopic examination (Supplementary Fig. 5C , 5D and 5E).
Discussion
The concept of vascular normalization relied primarily on the idea of targeting the tumor vasculature via blocking VEGF signaling, providing an opportunity for enhanced efficacy of radiation and chemotherapy. However, extensive destruction of tumor vessels by antiangiogenic therapy could provoke vascular regression and ultimately hinder the delivery of oxygen and drugs. To find an optimum combination therapy, we must reveal the mechanism of antiangiogenic agents and use this theory to optimize the therapeutic scheduling [13] [14] [15] . Here we continuously monitored the time course of molecular changes in the vasculature of 4T1 murine breast tumor in response to treatment with SKLB1002. We observed that 3 days after administration, pericyte coverage was significantly improved in mice receiving SKLB1002. However, the process seemed to be transient, reaching peak at day 5 and decreasing at day 7. When pericyte coverage reached its peak at day 5 in the treated mice, we also found a significant decrease in the density of tumor vessels, consistent with the previous study [16] . Despite causing an overall decrease in intratumoral vessel density, SKLB1002 resulted in more efficient oxygenation of tumors in mice with established tumor model. To further explain the paradox, we used scanning electron microscope for in vivo analysis of ultrastructure in tumor vessel with SKLB1002 treatment. These images showed dramatic quantitative differences in tumor vessel architecture after treatment, which had fewer vessels containing abnormal multilayers of disconnected endothelial cells. Subsequently we estimated how these alterations in tumor vessel structure would affect tumor penetration of systemically administered chemotherapeutic agents. Several studies indicated that the consequence of remodeling the intratumoral vasculature was an associated improvement in intratumoral delivery of systemic chemotherapy. Consistent with previous studies [17, 18] , HPLC analysis revealed a 2.2 fold increase in doxorubicin concentration in SKLB1002 pretreated tumors, and no significant change of doxorubicin was observed in the plasma in both groups of mice.
Clinical studies using VEGF signaling inhibitors had shown only modest clinical activity when used as single agents. Previous data supported a proposition that two modes of resistance underlay such results: intrinsic non-responsiveness and adaptive resistance [5] . Intrinsic non-responsiveness was the absence of any beneficial effect of an antiangiogenic therapy. By contrast, after an initial response phase, adaptive resistance referred to the ability of tumors to evade the therapeutic blockade by inducing other signaling of neovascularization. Then the second wave of angiogenesis initiated by the residual tumor cells could happen, leading to the later relapse of tumors [19, 20] . To impede the insidious consequence of single antiangiogenic therapy, concomitant chemotherapy was needed to target the tumor cells directly and prevent tumor recurrence.
Doxorubicin was an anthracycline drug widely used in chemotherapy regimen for patients with breast cancer. Despite its excellent clinical results, doxorubicin had a relatively low therapeutic index and its clinical application was greatly limited due to cumulative dose-related cardiotoxicity and common side effects such as myelosuppression [21] . Therefore, combination treatment with another highly effective non-toxic drug which could lower the dose of doxorubicin would be desirable.
The structural normalization of residual tumor vasculature following SKLB1002 treatment prompted us to ask whether administration of the chemotherapeutics in that time-period would enhance the overall anti-tumor response via greater accessibility of the drug to tumor cells. Our data were in agreement with accumulating evidence that the tumor microenvironment indeed affected tumor drug delivery and therapeutic effects [15, 22] . Finally, compared with the vehicle control, SKLB1002 combined with doxorubicin reached more than 50% inhibition against 4T1 tumor models in BALB/c mice. One potential explanation for the effect was that the structural normalization of tumor vasculature by SKLB1002 treatment resulted in increased efficiency of the vessels in delivering the chemotherapeutics to the tumor cells, thereby leading to synergy. However, it was uncertain whether SKLB1002 would achieve the same synergic effects with different chemotherapeutic agent against different types of solid tumors. We subsequently found similar results using CT26 colon tumor model and another chemotherapeutic agent, irinotecan.
Untreatable metastasis was the main cause of mortality in patients with cancer. Hypoxia was clinically associated with metastasis and poor patient outcome, for it induced genetic instability and selected for more malignant cells with increased metastatic potential [23, 24] . Our findings suggested that SKLB1002 inhibited metastasis in part by altering vessel morphology. These changes, including an increased pericyte coverage and better oxygenation, rendered cancer cells less invasive and prevented the shedding of cancer cells into the circulation, which were early steps necessary for metastasis.
Our findings highlight an integrative approach to cancer therapy wherein SKLB1002 therapy is precisely scheduled with chemotherapy to maximize the synergistic effects against tumors.
